Excesses of 226 Ra in arc magmas have been interpreted as resulting from flux melting of the mantle above subducting slabs, followed by fast ascent rates of magma from slab to surface (up to 1000 m/yr). However, we demonstrate that incongruent melting of the lower crust could either maintain or augment mantle-derived 226 Ra excesses, and so reduce inferred vertical transport rates. We developed an incongruent, continuous melting model, and both the incongruent melting reaction and ingrowth effects contribute to the 226 Ra excess. In particular, we found that dehydration melting of amphibolite can produce modeled 226 Ra excesses greater than 300%. Mixtures of such amphibolite dehydration melts with mantle melts will likely retain a 238 U excess (subducted slab) signature. This amphibolite dehydration melting process will also produce elevated ratios of light rare earth elements to heavy rare earth elements, similar to those observed in several arc settings, which may distinguish these magmas from those with 226 Ra excesses produced by slab dewatering alone.
INTRODUCTION
Arc magmas have compositions that reflect an integrated history of melt generation processes in the mantle and variable extents of polybaric assimilation and fractionation within the crust. Many continental arc magmas, in particular, have trace-element and isotopic signatures consistent with significant contributions from crustal material (e.g., Davidson et al., 2005) . Numerous lines of evidence are consistent with lower crustal assimilation by mantle-derived magmas, including the observation of lower crustal outcrops that preserve evidence of crustal melting (Pickett and Saleeby, 1993; Williams et al., 1995) , the trace element signature of residual garnet in some continental arc magmas (Hildreth and Moorbath, 1988) , isotopic data consistent with crustal assimilation (Hart et al., 2002) , and thermal models that predict enhanced melting in thickened continental crust (Dufek and Bergantz, 2005) .
Disequilibria between intermediate daughter products in the decay series of 238 U provide a useful chronometer for magmatic processes and ascent rates of magma from depth, sensitive to time scales of ca. 10-350 ka ( 238 U-230 Th disequilibria) or ca. 100 a-10 ka ( 230 Th-226 Ra disequilibria). A combination of ( 238 U)/( 230 Th) Ͼ1 ( 238 U excess) and ( 226 Ra)/ ( 230 Th) Ͼ1 ( 226 Ra excess) is usually observed in arc settings, distinguishing arc lavas from mid-oceanic-ridge basalt (MORB) and oceanic-island basalt (OIB) sources (e.g., Lundstrom, 2003 Turner et al., 2000) . 226 Ra excesses in arc lavas have predominantly been explained by fluid-induced partial melting involving Ra-enriched aqueous fluids deep in the mantle (e.g., Turner et al., 2003) . Where interaction of melts with the crust beneath volcanic arcs has been considered, it is assumed to decrease mantle-derived 226 Ra excesses due to decay of 226 Ra during the time spent in transport and storage. This interpretation implies that the magma has not stalled at any depth for long periods of time relative to the half-life of 226 Ra (t 1/2 ϭ 1.6 k.y.).
Other interpretations of 226 Ra excesses in arcs are emerging; for example, diffusioninduced disequilibria created in the mantle beneath arcs (Feineman and DePaolo, 2003) , or a combination of flux melting and daughter ingrowth during melting (Thomas et al., 2002) . However, these mechanisms still focus on processes operating within the mantle, and the degree to which crustal melting and wallrock interactions can impact U-series disequilibria during storage and ascent of magmas has yet to be fully explored. Recently Berlo et al. (2004) examined the case of batch melting of lower-crustal material at high melt fraction (0.10-0.40) and concluded that U-series activity ratios of these melts were near equilibrium. However, the assumption of congruent batch melting to high melt fraction may be inappropriate under many crustal melting conditions (Rushmer, 1995) . For example, mafic, amphibolitic lower crust at pressures of ϳ10 kbar will undergo incongruent dehydration melting in which amphibole and plagioclase react to form garnet, pyroxenes, and melt (Wolf and Wyllie, 1994) .
We developed an incongruent, continuous melting model for lower crustal conditions (Data Repository 1 ) to further investigate the role of crustal processes on U-series disequilibria. This model predicts significant 226 Ra excesses (Ͼ300%), similar to those in the majority of arc lavas, and modest 230 Th-238 U disequilibria [( 230 Th)/( 238 U) ϭ 0.7-1.12] in melts produced during dehydration melting of the lower crust. When mixed with mantle-derived magmas, the 226 Ra excesses generated in melts of deep continental crust may augment pre-existing disequilibria and can relax the ascent time scales inferred for arc magmas.
CONTINUOUS DEHYDRATION MELTING
We extend the work of Zou and Reid (2001) and McKenzie (1985) to incongruent melting with ingrowth of radioactive nuclides. Melt production is modeled as continuous: the melting process occurs at a constant rate in a static (i.e., not upwelling) residue, and the melt fraction below a critical porosity (⌽) is in equilibrium with the residue (Williams and Gill, 1989) . Any melt in excess of this critical porosity is instantaneously extracted and aggregated. Ingrowth effects, due to the decay of radioactive nuclides over time, are included in this model. Critical porosity was varied from 10 Ϫ2 to 10 Ϫ1 and is consistent with observations that melt segregation during lowercrustal melting experiments occurs at porosities of a few percent to 15% (Rushmer, 1995) . This model is a more physically plausible representation of melting of a static lower crust that is being fluxed with mafic intrusions than is dynamic (i.e., upwelling residue), batch, or fractional melting. The full derivation of the incongruent continuous melting model for both stable elements and radioactive nuclides is included in the Data Repository (see footnote 1). Note that if we apply bulk partition coefficients and melting conditions appropriate for mantle melting to this model, we recover the results of mantle melting calculations (e.g., Zou and Zindler, 2000) .
We applied this model to lower-crustal melting using the specific phase proportions and compositions from the 10 kbar amphibolite dehydration melting experiments of Wolf and Wyllie (1994), appropriate for melting occurring at the base of ϳ30-km-thick crust. The general form of the incongruent melting reaction is Amp ϩ Plag → Opx ϩ Cpx ϩ Gt ϩ Melt. We used partition coefficients (Ds) relevant to the phases, pressures, and compositions in the lower crust (Table 1) , and we assess the sensitivity of the U-series disequilibria to changing anorthite content.
MODEL RESULTS
As incongruent melting proceeds, the production of phases in which radium is highly incompatible (garnet and pyroxene) combined with the consumption of phases in which Ra is only moderately incompatible (plagioclase and amphibole) act in concert to elevate ( 226 Ra)/( 230 Th) in the melt well beyond what would be predicted based on congruent melting models (Fig. 1) . A further increase over batch melting occurs due to ingrowth of 226 Ra in the residual solid during the melting process, and partitioning of Ra into the liquid. A competing effect is dilution of Ra and other incompatible elements in the aggregate liquid as melting proceeds. At high melting rates (Ͼ1 kg/m 3 yr) and low critical mass porosity (Ͻ0.01), the model disequilibria are comparable to or higher than those produced during congruent batch melting with similar residual mineralogy (cf., Berlo et al., 2004) . At slower melting rates (approaching ϳ1.0 ϫ 10 Ϫ4 kg/ m 3 yr) the degree of disequilibrium becomes a weak function of melting rate and-as with dynamic melting calculations applied to mantle upwelling-( 226 Ra)/( 230 Th) is principally determined by the critical mass porosity, with ratios Ͼ5 produced at melting rates of 1.0 ϫ 10 Ϫ4 kg/m 3 yr and critical mass porosities of 0.01. At low melting rates, ( 226 Ra)/( 230 Th) increases as the reaction proceeds due to the combined effect of 226 Ra ingrowth and the fact that radium becomes more incompatible in the residue relative to thorium, although the individual activities both decrease with increasing melt fraction. Mixtures of mantlederived magmas with lower-crustal melts can thus have substantial 226 Ra excesses, even if transport times through the mantle wedge were significant.
Both uranium and thorium become less incompatible as the dehydration reaction progresses, and the critical porosity has a modest control on the degree of 230 Th-238 U disequilibria. At small critical porosities (Ͻ0.01) and low extracted melt fractions (Ͻ0.02), ( 230 Th)/ ( 238 U) ϭ ϳ0.75. As the dehydration reaction proceeds, the amount of residual garnet increases and uranium becomes increasingly more compatible in the residue. This, combined with ingrowth of 230 Th during melting, drives ( 230 Th)/( 238 U) toward higher values, and 230 Th excesses (ϳ12%) develop at high critical porosities and extracted melt fractions greater than 0.2. Considering these modest disequilibria in crustal melts, mixtures of crustal melts with mantle-derived melts will likely be weighted toward 238 U excesses, unless extracted melt fractions are high.
Our model also predicts an enrichment of light rare earth elements relative to heavy rare earth elements in the melt, due in large part to the formation of garnet, as well as enrichment of barium and strontium in the melt due to the melting of plagioclase. Amphibolites present in the lower crust are likely to have formed by stalling and solidification of earlier intrusions of mantle-derived hydrous basalts. We use primitive island arc basalts as a model source composition (Fig. 2B) , although the general trace-element behavior ( Fig. 2A) will remain the same for a reasonable range of compositions of amphibolite. The trace element pattern follows the same general trend as many continental andesites and dacites (Fig. 2B ). When mixed with mantle-derived magmas, amphibolite melts will dominate the trace-element budget of mixtures even when they represent a small mass fraction (see Fig.  2B ). Some upper crustal fractionation (involving plagioclase) of amphibolite-derived and/or mixed melts would be required to account for the negative Eu anomalies observed in many continental arc magmas.
Any mixing model must also satisfy major element constraints. Melts from amphibolite dehydration are andesitic to rhyodacitic. Melts of quartz amphibolites would have the highest SiO 2 concentration (Patiño-Douce and Beard, 1994) , whereas amphibolites with more primitive compositions produce melts that (at melt fractions less than 0.2) have 60-64 wt% SiO 2 .
Mixtures of these crustal melts with mantlederived basalts will produce intermediate magmas of basaltic andesite to andesite composition.
DISCUSSION
Based on our model results, crustal processes need not act solely to decrease mantlederived 226 Ra excesses, and U-series disequilibria measured in arc lavas may reflect the influence of multiple processes (Fig. 3) . In particular, mixtures of mantle-derived basalt with amphibolite melts can have significant 226 Ra excesses, and trace-element patterns similar to those observed in arc lavas.
There are appreciable uncertainties in the melting rate appropriate for the lower crust; numerical models of crustal melting predict that melting rates can vary locally from 1.0 to 1.0 ϫ 10 Ϫ4 kg/m 3 yr depending on the flux of basaltic magma and style of intrusion in the crust (Annen and Sparks, 2002; Dufek and Bergantz, 2005) Stable element patterns can be used to constrain the overall degree of melting for the model. As an example, the La/Yb for lavas from Mount St. Helens are consistent with modeled melt fractions of ϳ5%-10% (with ⌽ ϭ 0.1), which yields initial ( 226 Ra)/( 230 Th) excesses of 3.0-4.0 if melting is slow enough for ingrowth effects to develop. Age-corrected ( 226 Ra)/( 230 Th) in recent lavas from Mount St. Helens are 1.46-1.9, and the time to reach ( 226 Ra)/( 230 Th) ϭ 1.5 from an initial disequilibria of 3.0-4.0 is ϳ3-4 ky, similar to plagioclase ages in these lavas (Cooper and Reid, 2003) . Assuming a crustal thickness of 35 km, this would imply average crustal ascent rates of ϳ8-10 m/yr, compared to ascent rates exceeding an order of magnitude greater if the disequilibria were generated entirely in the mantle (cf. . Moreover, since the modeled 226 Ra-230 Th disequilibrium is generated as a result of melting processes in the lower crust, it is insensitive to the time spent traversing the mantle wedge. Therefore, the 226 Ra excesses of arc magmas could potentially be decoupled in time from stable trace-element or long-lived isotopic signatures of slab fluids that are carried by older mantlederived magmas that formed lower-crustal amphibolites.
CONCLUSIONS
Radium excesses observed in island arcs and continental arcs need not be produced exclusively as a result of slab dewatering and resulting flux melting. The exposed roots of arcs show ample evidence for garnet amphibolite compositions that are capable of melting to produce magmas with significant 226 Ra excesses and with either 230 Th or 238 U excesses.
Mixtures of mantle and crustal melts in the lower crust will most likely be weighted toward 238 U excesses. These mixed magmas can have significant 226 Ra excesses regardless of the transit time through the mantle wedge, and therefore extreme transport rates in arcs are required only in the case of primitive arc basalts where ( 226 Ra)/( 230 Th) in arc lavas exceeds 3-5.
